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(57) ABSTRACT

A printing system is disclosed. The printing system includes
a color management unit including optimization logic to
generate a multi-dimensional color management lookup
table derived from an input color to output color mapping,
wherein the multi-dimensional color management lookup
table has a non-uniform spacing of grid points specifying a
correspondence between each of a plurality of input color
space dimensions and output color space dimensions, and a
color engine to receive an input color in an input color space,
perform a multi-dimensional interpolation via the multi-
dimensional color management lookup table to map the
input color to an output color in an output color space; and
return the output color.
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1
OPTIMIZING NUMBER OF GRID POINTS IN
MULTI-DIMENSIONAL COLOR LOOKUP
TABLE

FIELD OF THE INVENTION

The invention relates to the field of color management,
and in particular, to mapping input colors via color man-
agement to true output colors.

BACKGROUND

Color management applications often implement high-
dimensional Look Up Tables (LUTs) to perform a multi-
dimensional interpolation of an input color to map the input
color from an input color space to an output color in an
output color space. LUTs typically include a large number of
uniformly spaced nodes in each color dimension in the input
color space, with each dimension having the same number
of grid points, to achieve sufficient accuracy for all profiles,
intents and options.

However, input color spaces most often have three or
more dimensions, resulting in the lookup table consuming a
relatively large magnitude of computing resources. For
instance, 4 MB may be required per device lookup table for
CMYK to CMYK, with only 33 points in each of the color
dimensions, and these 33 nodes in each dimension may still
not provide an adequate sampling of the space to insure the
required color accuracy. Similarly, 150 kB may be required
per device lookup table for RGB to CMYK. Thus, lookup
table size limits how rapidly a device (e.g., a printer) can
switch color options (e.g., input profiles, output profiles,
rendering intent, etc.) while processing, since large lookup
tables must either be generated on the fly or read into
memory from mass storage.

In cases where specialized color operation is required
(e.g., Force-Black or Preserve-Black) the overall color space
and LUT may become bifurcated. This transition for one
locally smooth sub-space (e.g., the modified region) to
another sub-space (e.g., the standard region) does not gen-
erally lie along a particular axis of the space and thus a
higher degree of sampling (finer grid) is required to
adequately resolve the transient. While this high sampling of
the space is required to cleanly resolve the transition region,
it generally over samples the two (relatively smooth) sub
spaces as well. This becomes increasingly burdensome on
the color management routines as LUT sizes can become
increasingly large. For example, a Force-Black/Preserve-
Black for a CMYK to CMYK LUT may require upwards of
57 nodes per dimension (and even this is not accurate in all
cases) which can lead to LUTs over 40 MB in size.

Accordingly, a mechanism to optimize a color lookup
table is desired.

SUMMARY

In one embodiment, a method is disclosed including
generating a multi-dimensional color management lookup
table derived from an input color to output color mapping,
wherein the multi-dimensional color management lookup
table has a non-uniform spacing of grid points specifying a
correspondence between each of a plurality of input color
space dimensions and output color space dimensions,
receiving an input color in an input color space, performing
a multi-dimensional interpolation via the multi-dimensional
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2

color management lookup table to map the input color to an
output color in an output color space and return the output
color.

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the present invention can be
obtained from the following detailed description in conjunc-
tion with the following drawings, in which:

FIG. 1is a block diagram of one embodiment of a printing
system,

FIG. 2 is a block diagram of one embodiment of a print
controller;

FIG. 3 illustrates one embodiment of a color management
unit;

FIG. 4 is a flow diagram illustrating one embodiment of
a color management process;

FIG. 5 is a flow diagram illustrating one embodiment of
a process for generating a multi-dimensional lookup table;

FIG. 6 is a graph illustrating a uniform sampling grid;

FIG. 7 is a graph illustrating one embodiment of an
optimized sampling grid; and

FIG. 8 illustrates one embodiment of a computer system.

DETAILED DESCRIPTION

A mechanism to optimize a color lookup table is
described. In the following description, for the purposes of
explanation, numerous specific details are set forth to pro-
vide a thorough understanding of the present invention. It
will be apparent, however, to one skilled in the art that the
present invention may be practiced without some of these
specific details. In other instances, well-known structures
and devices are shown in block diagram form to avoid
obscuring the underlying principles of the present invention.

Reference in the specification to “one embodiment” or
“an embodiment” means that a particular feature, structure,
or characteristic described in connection with the embodi-
ment is included in at least one embodiment of the invention.
The appearances of the phrase “in one embodiment” in
various places in the specification are not necessarily all
referring to the same embodiment.

Throughout this document, terms like “logic”, “compo-
nent”;, “module”, “engine”, “model”, “unit” and the like,
may be referenced interchangeably and include, by way of
example, software, hardware, and/or any combination of
software and hardware, such as firmware. Further, any use of
a particular brand, word, term, phrase, name, and/or acro-
nym, should not be read to limit embodiments to software or
devices that carry that label in products or in literature
external to this document.

FIG. 1 is a block diagram illustrating one embodiment of
a printing system 130. A host system 110 is in communica-
tion with the printing system 130 to print a sheet image 120
onto a print medium 180 (e.g., paper) via a printer 160. The
resulting print medium 180 may be printed in color and/or
in any of a number of gray shades, including black and white
(e.g., Cyan, Magenta, Yellow, and blacK, (CMYK)). The
host system 110 may include any computing device, such as
a personal computer, a server, or even a digital imaging
device, such as a digital camera or a scanner.

The sheet image 120 may be any file or data that describes
how an image on a sheet of print medium 180 should be
printed. For example, the sheet image 120 may include
PostScript data, Printer Command Language (PCL) data,
and/or any other printer language data. The print controller
140 processes the sheet image to generate a bitmap 150 that
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is to be transmitted for printing to the print medium 180 via
the printer 160. The printing system 130 may be a high-
speed printer operable to print relatively high volumes (e.g.,
greater than 100 pages per minute). The print medium 180
may be continuous form paper, cut sheet paper, and/or any
other tangible medium suitable for printing. The printing
system 130, in one generalized form, includes the printer
160 that presents the bitmap 150 onto the print medium 180
(e.g., via toner, ink, etc.) based on the sheet image 120. In
other embodiments, print controller 140 and printer 160 may
be implemented in the same device or separate devices with
coupling.

The print controller 140 may be any system, device,
software, circuitry and/or other suitable component operable
to transform the sheet image 120 for generating the bitmap
150 in accordance with printing onto the print medium 180.
In this regard, the print controller 140 may include process-
ing and data storage capabilities.

FIG. 2 is a block diagram illustrating one embodiment of
a print controller 140. The print controller 140 (e.g., DFE or
digital front end), in its generalized form, includes color
management module 210, interpreter module 212 and half-
toning module 214. Color management module 210 pro-
vides a color mapping from an input color space to a printer
160 color space.

Interpreter module 212 is operable to interpret, render,
rasterize, or otherwise convert images (e.g., raw sheetside
images or printer language data such as sheet image 120) of
a print job into sheetside bitmaps. The sheetside bitmaps
generated by interpreter module 212 are each a 2-dimen-
sional array of pixels representing an image of the print job
(e.g., a Continuous Tone Image (CTI)), also referred to as
full sheetside bitmaps. The 2-dimensional pixel arrays are
considered “full” sheetside bitmaps because the bitmaps
include the entire set of pixels for the image. Interpreter
module 212 is operable to interpret or render multiple raw
sheetsides concurrently so that the rate of rendering sub-
stantially matches the rate of imaging of production print
engines. Halftoning module 214 is operable to represent the
sheetside bitmaps as halftone patterns of ink. For example,
halftoning module 214 may convert the pixels to halftone
patterns of CMYK ink for application to the paper.

In one embodiment, color management unit 210 performs
a color managed workflow by mapping to determine CMYK
values for each pixel in a particular object to be printed at
printer 160. FIG. 3 is a block diagram illustrating one
embodiment of a color management unit 210. Color man-
agement unit 210 includes one or more color caches 310,
and a color lookup tables (LUT) 320. Color cache(s) 310
may be hardware and/or software components that store
color mapping data so that future requests for that data can
be served faster. In one embodiment, color management unit
210 includes a color engine (CE) 330 to perform a color
management operation upon receiving an input color.

FIG. 4 is a flow diagram illustrating one embodiment of
a color management process 400 performed by CE 330. At
processing block 410, an input color is received at color
management unit 210. At decision block 420, a determina-
tion is made as to whether the input color is in color cache
310. If so, an output color corresponding to the input color
is retrieved from color cache 310, processing block 430. At
processing block 440, the output color is returned. If at
decision block 420, a determination is made that the input
color is not in cache 310, a multi-dimensional interpolation
is performed at LUT 320, processing block 450, to convert
the input color from an input color space to an output color
in an output color space. At processing block 460, the input
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color and the output color are stored in cache 310. At
processing block 440, the output color is returned.

As discussed above, performing multi-dimensional inter-
polation within a single high-dimensional LUT requires a
large number of nodes in each input color space dimension
to achieve sufficient accuracy for all profiles, intents and
options. Such LUT configurations typically designate an
equal number of uniformly spaced nodes in each input color
space dimension, which results in an inefficiency since some
color dimensions may require significantly less nodes than
others. Accordingly, it is currently necessary to maintain a
large lookup table to accurately perform the multi-dimen-
sional interpolations.

Referring back to FIG. 3, color management module 220
includes optimization logic 350 that is implemented to
optimize a multi-dimensional color management lookup
table (e.g., LUT 320) derived from an input color to output
color mapping. In one embodiment, optimization logic 350
generates LUT 320 in a configuration having a non-uniform
spacing of grid points that specify a correspondence between
each of a plurality of input color space dimensions and
output color space dimensions.

FIG. 5 is a flow diagram illustrating one embodiment of
a process 500 for generating a multi-dimensional lookup
table with optimized grid points. Process 500 may be
performed by processing logic that may comprise hardware
(e.g., circuitry, dedicated logic, programmable logic, etc.),
software (such as instructions run on a processing device),
or a combination thereof. In one embodiment, process 500
may be performed by optimization logic 350. The process
500 is illustrated in linear sequences for brevity and clarity
in presentation; however, it is contemplated that any number
of them can be performed in parallel, asynchronously, or in
different orders. For brevity, clarity, and ease of understand-
ing, many of the details discussed with reference to FIGS.
1-4 are not discussed or repeated here.

Process 500 begins at processing block 510, where the
initialization for the optimization occurs. In one embodi-
ment, the initialization may include determining output
colors corresponding to at least some of the colors in the
input color space. In such an embodiment, these determined
output colors and corresponding input colors may be used as
survey points representing the input color space to output
color space conversion and be a basis for optimizing the
multi-dimensional look up table grid points.

In a further embodiment, the grid point optimization
initialization may include performing an interpolation pro-
cess to determine an interpolated output color corresponding
to each color in the input color space. This may involve a
fine grid of colors that spans the input color space dimen-
sions. Alternatively, the output color associated with each
input color space point may be obtained by some other
means, such as a formula or directly from color profiles.

In one embodiment, the fine grid is uniformly spaced in
each input dimension and includes significantly more points
in each dimension than the eventual optimized LUT; and
may, but need not, include all the points in the input color
space. In one embodiment, an n-dimensional linear interpo-
lation is performed to determine the output color corre-
sponding to each color in the fine grid. However other
embodiments may implement other interpolation processes.

In a further embodiment, a lowest-order error term (dy,)
is determined for each of the interpolated output colors in
each output color space dimension. In such an embodiment,
the lowest-order error term includes an interpolated output
color error corresponding to a closest distance grid point to
a color in an input color space dimension. For n-dimensional
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linear interpolation, the interpolation computation reduces to
a limited number of terms in a Taylor expansion centered at
the closest grid point, and a lowest order missing term in that
expansion is represented as:

1
"3,

i

Bzyj

ox?
axt

where y, represents an output color found in the output
color space dimension during the n-dimensional linear inter-
polation at the closest grid point to an input color (X;) in the
input color space dimension. The lowest order-error term
referred to above is defined as the term in an error expansion
that has the slowest rate of increase of dy, as 8%, increases.
For a linear interpolation the lowest order error term is dy;.

At processing block 520, a number of grid points 1s
optimized in each input color space dimension. In one
embodiment, the number of grid points is optimized by
computing a cost function J(i) associated with each input
dimension i and tabulating J(i) as a function of the number
of'grid points in dimension i. An overall cost function J is the
sum over input dimensions i of J(i). Once the overall cost
function is evaluated, the number of grid points in each
dimension can be minimized, subject to a constraint, using
known constrained optimization of functions methods.

In one embodiment, the constraint used is the maximum
allowable value of the overall cost function J. However in
another embodiment, the constraint used is the maximum
allowable total number of grid points in the optimized LUT.
The total number of grid points in the optimized LUT is the
product of the number of grid points in each input dimen-
sion.

In one embodiment, the cost function J(i) for dimension
iis defined as a sum over the input color space {x,} and over
output dimensions j of the Byjz term associated with input
dimension i, such that:

Py,
an ax; |,

1
Y)Y

[27%] J

However in other embodiments, the cost function for
dimension i may be defined as a largest absolute value of any
particular Byjz term pertaining to input dimension i. At
processing block 530, interior grid points are optimized for
each input color space dimension. In one embodiment, the
interior grid points are optimized by first forming a vector of
interior grid points for each input color space dimension. In
such an embodiment, the vector is formed by selecting the
interior grid points. For example, selecting the grid points
may include dropping the first (or lowest coordinate value,
point 0) and last (e.g., the highest coordinate value) points
in a list of all grid points of each dimension.

The end points are dropped because they are fixed, while
the interior grid points are allowed to move since they are
not fixed. Subsequently, a constrained minimization is per-
formed on the interior points in each input color space
dimension so that they are not allowed to move past (or
equal) one other, and an optimum value vector of interior
points of each grid dimension (e.g., optimum grid) is deter-
mined.

Once the vector of interior grid points is formed for each
input color space dimensions, a cost function for the grid is
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computed (e.g., via one of the methods described earlier)
and is associated to the vector of interior grid points. The
cost function is then minimized (e.g., with gradient descent)
by adjusting the location of the interior grid points. In one
embodiment, a squared error sum over all input color space
colors is determined based on a fine grid, of which the
eventual optimal grid forms a subset.

In a further embodiment, the sum over fine grid points
includes a central fine grid point between each pair of coarse
grid points, and the sum of the cost function between two
coarse grid points is approximated by the cost function at the
central point, where the cost function often exhibits a strong
maximum. Once the interior grid points have been opti-
mized, non-uniform grid point spacing is achieved for each
dimension in the lookup table.

In another embodiment, it is not necessary to fully opti-
mize the cost function in each dimension, but instead each
dimension of the input space may be traversed a single time,
adding LUT nodes whenever an approximation to the local
interpolation error based on the previous LUT node becomes
excessive. Thus, each dimension is independently analyzed,
and nodes are added when necessary.

In an embodiment using linear interpolation, for example,
interpolation errors are approximately proportional to local
curvature (e.g., the sum of the squares of the second partial
derivatives of output colors with respect to input colors). In
such an embodiment, within a particular dimension, at a
particular point along that dimension, the local curvature
may be inspected and the largest allowable local grid spac-
ing is computed based on the local curvature and a largest
allowable lowest order error term.

Further, a worst case curvature over all other input coor-
dinate values, or the sum of curvature over all other input
coordinates, or approximations to these based on a statistical
sample, may be used to assess the local curvature at a
particular value of a particular input coordinate. Given the
local curvature assessment, a maximum grid point distance
may be computed that gives rise to a maximum acceptable
approximate interpolation error at this point in this particular
input dimension.

Subsequently, a next LUT node is added at this maximum
grid point distance from the previous node, and the analysis
continues at that node. This continues until the maximum
input coordinate is reached. At each added node, the distance
to the next node is computed based on the worst case
average curvature in that region and computing a grid point
distance that limits the low order error term to an acceptable
value at that point. While this will likely not produce the
most optimal LUT, it will yield a LUT with bounded
interpolation errors in a single pass. The resultant LUT will
have limited interpolation errors and still be of manageable
size.

An optimized lookup table having a non-uniform grid
spacing provides for smaller interpolation errors compared
to a conventional lookup table employing uniform grid
spacing. FIG. 6 is a graph illustrating a uniform sampling,
while FIG. 7 is a graph illustrating one embodiment of an
optimized non-uniform sampling grid. For illustration pur-
poses, both grids include a one input and one output dimen-
sion for which a linear interpolation is performed. Other
embodiments may have a plurality of input and output
dimensions. Further, the grids include a curve for a linear
interpolation function (solid line), as well as a curve for an
actual (or desired) color mapping function (dotted line). As
can be seen in FIG. 6, the uniform grid suffers from
relatively large interpolation errors (e.g., difference between
actual (or desired) output color and interpolated output
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color) at higher values (e.g., beginning at approximately grid
point (190,0.5). However, FIG. 7 shows that there are much
smaller interpolation errors for the same points in a non-
uniform grid configuration.

FIG. 8 illustrates a computer system 900 on which print-
ing system 130 and/or print controller 140 may be imple-
mented. Computer system 900 includes a system bus 920 for
communicating information, and a processor 910 coupled to
bus 920 for processing information.

Computer system 900 further comprises a random access
memory (RAM) or other dynamic storage device 925 (re-
ferred to herein as main memory), coupled to bus 920 for
storing information and instructions to be executed by
processor 910. Main memory 925 also may be used for
storing temporary variables or other intermediate informa-
tion during execution of instructions by processor 910.
Computer system 900 also may include a read only memory
(ROM) and or other static storage device 926 coupled to bus
920 for storing static information and instructions used by
processor 910.

A data storage device 927 such as a magnetic disk or
optical disc and its corresponding drive may also be coupled
to computer system 900 for storing information and instruc-
tions. Computer system 900 can also be coupled to a second
1/0 bus 950 via an 1/O interface 930. A plurality of 1/O
devices may be coupled to I/O bus 950, including a display
device 924, an input device (e.g., keyboard (or alphanumeric
input device) 923 and or a cursor control device 922). The
communication device 921 is for accessing other computers
(servers or clients). The communication device 921 may
comprise a modem, a network interface card, or other
well-known interface device, such as those used for cou-
pling to Ethernet, token ring, or other types of networks.

Embodiments of the invention may include various steps
as set forth above. The steps may be embodied in machine-
executable instructions. The instructions can be used to
cause a general-purpose or special-purpose processor to
perform certain steps. Alternatively, these steps may be
performed by specific hardware components that contain
hardwired logic for performing the steps, or by any combi-
nation of programmed computer components and custom
hardware components.

Elements of the present invention may also be provided as
a machine-readable medium for storing the machine-execut-
able instructions. The machine-readable medium may
include, but is not limited to, floppy diskettes, optical disks,
CD-ROMs, and magneto-optical disks, ROMs, RAMs,
EPROMs, EEPROMs, magnetic or optical cards, propaga-
tion media or other type of media/machine-readable medium
suitable for storing electronic instructions. For example, the
present invention may be downloaded as a computer pro-
gram which may be transferred from a remote computer
(e.g., a server) to a requesting computer (e.g., a client) by
way of data signals embodied in a carrier wave or other
propagation medium via a communication link (e.g., a
modem or network connection).

Whereas many alterations and modifications of the pres-
ent invention will no doubt become apparent to a person of
ordinary skill in the art after having read the foregoing
description, it is to be understood that any particular embodi-
ment shown and described by way of illustration is in no
way intended to be considered limiting. Therefore, refer-
ences to details of various embodiments are not intended to
limit the scope of the claims, which in themselves recite only
those features regarded as essential to the invention.
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What is claimed is:

1. At least one non-transitory computer readable medium
having instructions stored thereon, which when executed by
one or more processors, cause the processors to:

generate a multi-dimensional color management lookup

table derived from an input color to output color
mapping by optimizing a number of the grid points in
each of a plurality of the input color space dimensions,
wherein the multi-dimensional color management
lookup table has a non-uniform spacing of grid points
optimized to minimize interpolation errors between the
grid points;

receive an input color in an input color space;

perform a multi-dimensional interpolation via the multi-

dimensional color management lookup table to map the
input color to an output color in an output color space;
and
return the output color.
2. The computer readable medium of claim 1, wherein
generating the multi-dimensional color management lookup
table further comprises:
initializing the optimizing of the grid points in each of the
plurality of the input color space dimensions prior to
optimizing the number of the grid points; and

optimizing interior grid points in each of the plurality of
the input color space dimensions.

3. The computer readable medium of claim 2, wherein
initializing the optimizing of the grid points comprises:

performing an interpolation process to determine an inter-

polated output color corresponding to each color in the
input color space dimensions; and

determining for each of the interpolated output colors, a

lowest-order error term in each of the plurality of the
output color space dimensions.

4. The computer readable medium of claim 3, wherein the
lowest-order error term comprises an interpolated output
color error corresponding to a closest distance grid point to
a color in the input color space dimension.

5. The computer readable medium of claim 4, wherein
optimizing the number of the grid points in each of the
plurality of the input color space dimensions comprises:

associating for each of the input color space dimensions,

a cost function; and

assigning a number of the grid points between the input

color space dimensions based on the cost function.

6. The computer readable medium of claim 5, wherein the
number of grid points are assigned so that a sum of the cost
function over each of the input color space dimensions is
minimized subject to a constraint on a maximum number of
the grid points.

7. The computer readable medium of claim 6, wherein the
number of the grid points are assigned so that the number of
the grid points is minimized subject to a constraint on a
maximum sum of the cost function over each input color
space dimension.

8. The computer readable medium of claim 5, wherein
optimizing the interior grid points in each of the input color
space dimension comprises:

forming a vector of interior grid points for each of the

input color space dimensions; and

performing a minimization over all input color space

colors and output color space dimensions for the vector
of interior grid points.

9. The computer readable medium of claim 8, wherein
forming the vector of grid points comprises:

selecting interior grid points;

performing the minimization on the selected interior grid

points; and

determining an optimum value vector for the interior grid

points.
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10. The computer readable medium of claim 8, wherein
the minimization is based on a squared error sum over all
input color space colors is determined based on a fine grid
comprising all possible optimal grid points but having many
more points than the optimal grid.

11. A printing system comprising:

At least one memory device to store a color management

unit, including:
optimization logic; and
a color engine; and

one or more processors, coupled to the at least one
memory device, to execute the optimization logic to
generate a multi-dimensional color management
lookup table derived from an input color to output color
mapping by optimizing a number of the grid points in
each of the plurality of the input color space dimen-
sions, wherein the multi-dimensional color manage-
ment lookup table has a non-uniform spacing of grid
points optimized to minimize interpolation errors
between the grid points and specifying a correspon-
dence between each of a plurality of input color space
dimensions and output color space dimensions, and the
color engine to receive an input color in an input color
space, perform a multi-dimensional interpolation via
the multi-dimensional color management lookup table
to map the input color to an output color in an output
color space; and return the output color.

12. The printing system of claim 11, wherein generating
the multi-dimensional color management lookup table fur-
ther comprises initializing the optimizing of the grid points
in each of the plurality of the input color space dimensions
prior to optimizing the number of the grid points, and
optimizing the interior grid points in each of the plurality of
the input color space dimensions.

13. The printing system of claim 12, wherein initializing
the optimizing of the grid points comprises performing an
interpolation process to determine an interpolated output
color corresponding to each color in the input color space
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dimensions; and determining for each of the interpolated
output colors, a lowest-order error term in each of the
plurality of the output color space dimensions.

14. The printing system of claim 13, wherein the lowest-
order error term comprises an interpolated output color error
corresponding to a closest distance grid point to a color in
the input color space dimension.

15. The printing system of claim 14, wherein optimizing
the number of the grid points in each of the plurality of the
input color space dimensions comprises associating for each
of the input color space dimensions, a cost function and
assigning a number of the grid points between the input
color space dimensions based on the cost function.

16. The printing system of claim 15, wherein the number
of grid points are assigned so that a sum of the cost function
over each of the input color space dimensions is minimized
subject to a constraint on a maximum number of the grid
points.

17. The printing system of claim 16, wherein the number
of the grid points are assigned so that the number of the grid
points is minimized subject to a constraint on a maximum
sum of the cost function over each input color space dimen-
sion.

18. The printing system of claim 15, wherein optimizing
the interior grid points in each of the input color space
dimension comprises forming a vector of interior grid points
for each of the input color space dimensions and performing
a minimization over all input color space colors and output
color space dimensions for the vector of interior grid points.

19. The printing system of claim 18, wherein forming the
vector of grid points comprises selecting interior grid points,
performing the minimization on the selected interior grid
points and determining an optimum value vector for the
interior grid points.

20. The printing system of claim 18, wherein the mini-
mization is based on a squared error sum over all input color
space colors is determined based on a grid comprising all
possible optimal grid points.
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